Neural control of rising and falling tones in Mandarin people who stutter (PWS) was examined by comparing with that which occurs in fluent speakers [Howell, Jiang, Peng, and Lu (2012) . Neural control of fundamental frequency rise and fall in Mandarin tones. Brain and Language, 121(1), 35-46]. Nine PWS and nine controls were scanned. Functional connectivity analysis showed that the connections between the insula and LMC and between the LMC and the putamen differed significantly between PWS and fluent speakers during both rising and falling tones. The connection between the insula and the brainstem differed between PWS and fluent speakers only during the falling tone. These results indicated the neural control for the rising tone and the falling tone are affected in PWS. Moreover, whilst both rising and falling tones were affected in PWS, falling-tone control appeared to be affected more.
Introduction
The neural mechanisms that control rising and falling tones in fluent speakers of Mandarin have been identified recently (Howell, Jiang, Peng, & Lu, 2012) . These mechanisms may be affected in people who exhibit a range of speech disorders where laryngeal problems have been reported (Simonyan & Horwitz, 2011) . One such disorder is stuttering, and the evidence that there are laryngeal control problems in this disorder is reviewed below. Since Mandarin places high demands on laryngeal control (Xu & Wang, 2001; Yip, 2002) , an examination of whether the neural mechanisms responsible for rising-tone and falling-tone control are affected in Mandarin people who stutter (PWS) should be particularly revealing about links between laryngeal control and stuttering.
The next section of the introduction provides a brief description of the different tones in Mandarin. The evidence about speech-motor control problems in PWS is then reviewed (this mainly focuses on the laryngeal and pulmonary systems). The final section of the introduction summarizes the literature and formulates the predictions for the current study.
The tone categories in Mandarin and the neural control of rising and falling tones
There are four tones in Mandarin stressed syllables. These are high-flat, rising, falling-rising, and falling tones. The main difference between these tones is the voice fundamental frequency movements that arise from different laryngeal maneuvers (Harvey & Howell, 1980; Ludlow, 2005) . The high-flat and falling tones are acquired earlier than the rising and falling-rising tones (Hua & Dodd, 2000) , and more tone confusion errors occur on the rising and falling-rising tones than on the high-flat and falling tones (Shi & Li, 2011) . Neuroimaging evidence has also shown that rising-tone control involves an active mechanism, whereas falling-tone control does not (Howell et al., 2012) . The neural systems that control both the rising and falling tones likely involve the left laryngeal motor cortex (LMC), insula, brainstem, and right putamen (Howell et al., 2012) . The connection between the LMC and the brainstem was active during production of the rising tone, but was not active during production of the falling tone. There was an additional connection between the left insula and the LMC that showed different activity between rising and falling tones which, the authors suggested, might control whether the rise mechanism was active or not.
Mandarin speakers can change between the rising tone and the falling tone when these are required on adjacent syllables. In addition, the neural mechanisms for rising and falling tones change laryngeal control within a syllable. Consequently, the high demands on tone control in this language may reveal problems in laryngeal control in PWS that are less obvious in languages where demands on laryngeal control mechanisms are low or where laryngeal control happens over protracted periods of time (Xu & Wang, 2001; Yip, 2002) .
Evidence for general speech motor, and laryngeal/pulmonary control deficits in PWS
There is behavioral, physiological, and neuroimaging evidence that suggests that PWS may have problems in the speech-motor control of pulmonary, laryngeal, and vocal tract systems. For instance, performance during an oral kinesthesia task was poorer than in those who do not stutter (Loucks & De Nil, 2006) . The problems PWS have, in both oral kinesthesia and proprioceptive integration, interfere with sensorimotor control whilst speaking (Loucks, De Nil, & Sasisekaran, 2007) . PWS have difficulties in articulatory coordination (Howell & Williams, 1988; Namasivayam & Van Lieshout, 2008; Smith & Kleinow, 2000; Smith, Sadagopan, Walsh, & Weber-Fox, 2010) . In addition, the speech-motor control problems in PWS may not be limited to articulatory systems, but may also involve systems for motor control of non-speech actions (Max, Caruso, & Gracco, 2003) and for sequence skill learning and the development of automaticity (Smits-Bandstra & De Nil, 2007) .
Other research has shown specific problems in laryngeal control in PWS. For example, Bergmann (1986) showed that PWS had difficulty producing prosodic structure, suggesting a disturbance in laryngeal prosodic control. It has also been shown that voicing control by PWS during the production of voiceless bilabial stops that appeared to be perceptually fluent, differed from that of fluent speakers in terms of the duration of events within, as well as across, the oral and laryngeal subsystems (Max & Gracco, 2005) . Analysis of the source signal (a product of pulmonary and laryngeal control systems) showed that the disfluent voiced speech of PWS contained more aperiodic noise than did their corresponding fluent speech (Howell & Young, 1990 ). This suggested a problem in laryngeal control in PWS. Other analyses of the source signal during part-word repetitions (Howell & Vause, 1986; Howell & Williams, 1988; Viswanath & Neel, 1995) and direct examination of the larynx signal obtained by inverse filtering analysis (Howell & Williams, 1992 ) also showed that PWS have poor laryngeal excitation during disfluent episodes. More specifically, recently it has been reported that PWS showed diminished compensation to unanticipated pitch shifts in the auditory feedback, which is consistent with difficulties in adapting pitch control to changing sensory contexts (Loucks, Chon, & Han, 2012) . To our knowledge, there are no behavioral studies that have specifically examined laryngeal control during tone production in Mandarin PWS.
General speech-motor control problems in PWS are supported by physiological evidence. For instance, an EMG study of orbicularis oris inferior muscle activity showed that PWS had higher EMG levels at speech onset and during on-going speech production than fluent speakers (Van Lieshout, Peters, Starkweather, & Hulstijn, 1993) . Activity levels in the intrinsic laryngeal muscles were lower in PWS than in fluent speakers during speech (Smith, Denny, Shaffer, Kelly, & Hirano, 1996) , and PWS showed tremor-like oscillations of EMG activity in both oral and laryngeal muscles during stuttered speech (Smith et al., 1993) . These speech-motor control problems may be related to the coordination among articulatory systems, which would include the laryngeal system (Smith, 1989; Van Lieshout, Hulstijn, & Peters, 1996) .
Neuroimaging studies have examined the speech-motor control of PWS. However, they have not specifically looked at control of the laryngeal system alone or in conjunction with the pulmonary system. An early meta-analysis summarized neuroimaging studies in relation to PWS (Brown, Ingham, Ingham, Laird, & Fox, 2005) . This revealed that there were overactivations in some motor areas (primary and Supplementary motor areas motor areas), right frontal operculum/anterior insula, and right cerebellum, and underactivity in the auditory cortex in PWS (Brown et al., 2005) . Other studies have reported higher or lower activity in the basal ganglia of PWS as compared to fluent speakers (Lu et al., 2010a (Lu et al., , 2009 (Lu et al., , 2010b Wu et al., 1995 Wu et al., , 1997 . The activity of the basal ganglia also correlated significantly with stuttering severity level (Giraud et al., 2008) . Increase in gray matter volume concentration in the right basal ganglia has also been found in PWS over that observed in fluent speakers (Lu et al., 2010b) . Besides regional activity differences, research has also shown altered functional or structural connections or reversed activity-sequencing between the left inferior frontal cortex (IFC) and the frontal motor areas, especially the regions for the face and larynx (Chang, Erickson, Ambrose, Hasegawa-Johnson, & Ludlow, 2008; Chang, Horwitz, Ostuni, Reynolds, & Ludlow, 2011; Cykowski, Fox, Ingham, Ingham, & Robin, 2010; Lu et al., 2010a Lu et al., , 2009 Salmelin, Schnitzler, Schmitz, & Freund, 2000; Sommer, Koch, Paulus, Weiller, & Buchel, 2002; Watkins, Smith, Davis, & Howell, 2008) . Recently, studies have looked at linguistic control separately from motor control in PWS. The results confirmed that PWS had speech-motor control problems (Chang, Kenney, Loucks, & Ludlow, 2009; Lu et al., 2010a ). An additional finding was that the problems were associated with altered connectivity between the motor cortex and the cerebellum (Lu et al., 2010a (Lu et al., , 2009 ).
Summary and predictions
Based on the behavioral, physiological, and neuroimaging evidence reviewed in Section 1.2, it was hypothesized that PWS have a general speech-motor control problem that may be evident in the laryngeal and/or pulmonary system. Because rising-tone and falling-tone control require the laryngeal and/or pulmonary system, PWS may show difference in the neural control of the rising and falling tones from fluent speakers. However, for PWS, there is little information about neural control of the larynx apart from the circumstantial evidence that suggests altered connections with the motor cortex. There is no evidence at all about control of Mandarin rising and falling tones in PWS despite the fact that such sound-contrasts may be revealing about larynx control problems in PWS in general as indicated in Section 1.1 (Xu & Liu, 2012) . Anomalous brain activity or connectivity among brain regions in rising-tone and falling-tone control mechanisms would be expected if stuttering is associated with speech-motor control problems in the laryngeal and/or pulmonary systems. In the current study, PWS were tested on rising-tone and falling-tone control and compared against Howell et al.'s (2012) data on fluent speakers. Analyses were conducted to examine whether the connections between: (1) the left insula/right putamen and the LMC; and (2) the LMC and the brainstem, differed between fluent controls and PWS.
The predictions were as follows. Previous evidence has reported altered functional and structural connections in PWS between the left IFC or nearby regions and the frontal motor cortex, especially the regions for the face and larynx (see above). These connections are key circuits involved in control of both rising and falling tones (Howell et al., 2012; Simonyan & Horwitz, 2011) . Thus, it was hypothesized that PWS would show neural anomalies in the connections between the left insula and the LMC during both rising and falling tones. An additional prediction was based on the recent finding that the connection between the LMC and the brainstem is absent during the falling tone in fluent speakers (Howell et al., 2012) . PWS have an altered connection between the motor cortex and the cerebellum during motor execution of speech (Lu et al., 2010a (Lu et al., , 2009 . Since the cerebellum and the brainstem are closely interconnected (Purves et al., 2011, p. 482) , the connection between the LMC and the brainstem may also differ between fluent controls and PWS during falling-tone control.
Materials and methods

Participants
Nine stuttering participants (seven males) and nine fluent participants (five males) were recruited. The mean age of the PWS was 24 years (with a range of 20-29 years), and their mean time in edu-cation was 17 years (with a range of 15-19 years). The mean age of the fluent speakers was 24 years (with a range of 22-29 years), and their mean time in education was 15.5 (with a range of 12-19 years). All participants were right-handed, native Mandarin speakers, where handedness was ascertained by the Edinburgh Handedness Inventory (Oldfield, 1971) . All participants reported that they had no history of language, motor, or other neurological disorder, other than stuttering.
All PWS started stuttering during childhood, and none of them had received treatment during the year prior to this study. Stuttering severity of the PWS was assessed by a translated Mandarin version of Stuttering Severity Instrument-3 (SSI-3) (Riley, 1994) . Specifically, a spontaneous speech sample of at least 300 syllables and a reading of a standard 300-syllable text (selected from a news paper) were recorded from the PWS. Any physical concomitants were noted independently by two research assistants while these recordings were made. Stuttering severity was based on these data. The severity of the PWS's stuttering ranged from very mild (lowest SSI-3 score = 13) to severe (highest SSI-3 score = 35) (Mean = 24.44, SD = 7.55). The fluent speakers participated in the study reported by Howell et al. (2012) .
Experimental task and materials
The task and materials were the same as those used in Howell et al. (2012) . In brief summary, 48 line drawings of common objects were selected from a standardized picture database (Zhang & Yang, 2003) . The Mandarin name of objects in each picture was one character long and they were distinguished by each of the four tones (high-flat, rising, falling-rising, and falling tones); there were 12 pictures for each tone. The name of the objects was controlled for age of acquisition, word frequency, and familiarity as in Howell et al. (2012) . Forty-eight non-namable images were formed by randomizing the pixels of namable object-images. All pictures were randomly presented to the participants in an event-related design. The participants were scanned while they performed the task. Verbal responses were not recorded. However, the speech of the participants was monitored by the experimenter whilst scanning took place. No stuttering was observed in the PWS in this simple task.
On each trial, a picture was presented for 1 s, and then a blank screen appeared that lasted for 2 s. When a picture was presented on the screen, the participant had to name it aloud as fast and accurately as possible. During the baseline trials, participants were required to view the unnamable control pictures and not to make any mouth movements.
A Pentium III-based notebook with the Inquisit software package (Inquisit 2.0.4.1230, 2004, Seattle, WA: Millisecond Software) controlled stimulus presentation. An LCD projector running in 1024 Â 768 mode displayed stimuli inside the MR control room onto a back-projection screen located at the foot of the MR scanner. Participants viewed the stimuli via a mirror attached above their eyes. Before the experiment, participants were familiarized with the procedure. The experiment commenced when participants made no errors on each tone category in the familiarization phase. The study was approved by the ethics committee of the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University. Written informed consent was obtained from each participant before the experiment.
Imaging data acquisition
A 1.5 T whole-body Siemens Magnetom Sonata Maestro Class scanner (Siemens, Erlangen, Germany) was used to acquire the imaging data. During scanning, participants lay supine within the MR scanner with their heads secured by foam padding. MRI compatible headphones were worn to reduce the background noise. Functional whole-brain, T2-weighted images were acquired using a single-shot gradient-recalled echo-planar imaging sequence (TR = 3000 ms; TE = 50 ms; flip angle = 90°; field of view, FOV = 220 mm, matrix = 64 Â 64, axial plane, resolution = 3.4 Â 3.4 mm, slice number = 20 slices, slice thickness = 6 mm, slice acquisition = interleave). Structural images were acquired after the functional scan using a T1-weighted MP-RAGE sequence (TR = 1970 ms; TE = 3.93 ms; flip angle = 15°; FOV = 220 mm; matrix = 256 Â 256; slice number = 96 slices; slice thickness = 1.7 mm; saggital plane; resolution = 0.48 Â 0.48 mm).
Imaging data analysis 2.4.1. Preprocessing
Preprocessing of the functional imaging data was conducted by using AFNI software (Analysis of Functional NeuroImages, http:// afni.nimh.nih.gov/afni) (Cox, 1996) . Slice-time correction, image registration, motion correction, and spatial smoothing (full width at half maximum = 6 mm) were performed after the first two volumes had been removed.
Individual level statistics
The preprocessed data were next fed into the generalized linear model (GLM) program to obtain the activity level for each tone category of each participant. The activity level was further scaled to percent signal change, which provided an indication of the functional activation in response to the task for each participant, as compared with the baseline (task minus baseline). Motion parameters were used at this stage to exclude potential movement artifacts. Finally, each individual image was normalized to standard Montreal Neurological Institute space.
Group level differences in brain activations for the four tones in PWS
Group level statistical tests (paired two-sample t-tests) were conducted on selected tone categories of PWS to see whether they were consistent with those found in fluent speakers (Howell et al., 2012) (p < 0.05, corrected by using Monte Carlo simulation, with individual voxel p < 0.005 and cluster size > 311 mm 3 ) (Forman et al., 1995; Xiong, Gao, Lancaster, & Fox, 1995) .
Group level differences in brain activations between PWS and fluent speakers in rising and falling tones
Independent two-sample t-tests were conducted on rising and falling tones (p < 0.05, corrected) to determine whether there were neural differences between PWS and controls.
Connectivity analysis using structural equation modeling (SEM)
SEM analysis was conducted to examine the potential connection difference in the neural control of rising and falling tones between PWS and fluent speakers.
2.4.5.1. Mode setup. Four brain regions were identified that were involved in the neural control of rising and falling tones in fluent speakers, based on the previous study of Howell et al. (2012) . These brain regions were also identified in the neural network responsible for laryngeal motor control (Simonyan & Horwitz, 2011) . The regions were the left LMC (x, y, z = À48, À14, 40), insula (BA13, x, y, z = À43, 12, À10), brainstem (x, y, z = À16, À36, À43), and the right putamen (x, y, z = 25, À1, À11). Their connections were examined in the SEM model. Based on Howell et al.'s (2012) work and other animal and imaging evidence (Simonyan & Horwitz, 2011) , it was expected that the connections between the insula and the LMC might show differences between PWS and fluent speakers in both rising and the falling tones, whereas the connection between the LMC and the brainstem might show differences between PWS and fluent speakers in the falling tone alone.
2.4.5.2. Preprocessing for SEM. The preprocessing was the same as that reported in Howell et al. (2012) . The essential details are that the averaged time course in each brain region was calculated. The data points that corresponded to high-flat, falling-rising, and falling tones were removed, leaving those corresponding to the rising tone. The time points for high-flat, falling-rising, and falling tones were obtained by a similar procedure. Principal components analysis was conducted to identify the average pattern of responses in each brain region across all participants for each tone category (Büchel, Coull, & Friston, 1999) .
2.4.5.3. Model estimation. Parameters for the SEM model were estimated by using LISREL software 8.7 (www.ssicentral.com) (Jöreskog & Sorbom, 1996) . The estimated v 2 , Root Mean Square Error of Approximation (RMSEA), Comparative Fit Index (CFI), and Parsimony Goodness of Fit Index (PGFI) provided an indication about how well the model fitted the data. Besides these overall fit indices, a path coefficient threshold of 0.05, corrected for false discovery rate (FDR) was used (Genovese, Lazar, & Nichols, 2002) .
Statistical inferences about group differences in rising and falling tones were based on a stacked-models approach. The group differences for the rising tone is used to illustrate the procedure. This started with a free model, in which all path connections were allowed to vary when data from the two groups were presented. Then a restricted model was developed in which a specified connection was constrained to be equal for the two groups. To do this, first, an omnibus test was applied in which the model with all parameters constrained to be the same for the two groups (constrained model) was compared with the model without any constraints (free model). This step showed whether any of the paths between the two models was significantly different for PWS and controls, but did not specify which of the paths was actually significantly different. At this stage, the comparison of models was done by subtracting the goodness-of-fit v 2 value for the constrained model from the v 2 value for the free model. The difference (v 2 diff ) was assessed with the degrees of freedom equal to the difference in the degrees of freedom for the constrained and free models (McIntosh et al., 1994) . A significant v 2 diff indicated that at least one path differed significantly across the two groups (McIntosh & Gonzalez-Lima, 1994a , 1994b .
When this omnibus test showed a significant difference between the two groups, the next step was to find which specific paths differed. This was done by constraining one path at a time to be the same between the two tones while other paths were unconstrained (estimated freely). Each of these models was compared with the model without any constraints by a v 2 diff (df = 1) test. A p value of 0.05 (two-tailed) was chosen as the threshold for significance (FDR corrected). The same procedure was applied to examine group differences between PWS and controls for the falling tone.
Results
Differences between rising and falling tones in PWS
The results showed that, as in fluent speakers (Howell et al., 2012) , in PWS the rising tone differed from the falling tone. The difference was associated with the core neural structures involved in laryngeal control, i.e., the bilateral primary motor area (BA4) where the LMC is localized (Brown, Ngan, & Liotti, 2008) . The LMC showed higher activity during the rising tone than during the falling tone. This difference also covered the bilateral primary sensory area (BA3). An additional difference was that activity in the left inferior parietal cortex (BA40) was higher during the rising tone than during the falling tone (Fig. 1) . No brain regions showed higher activity in the falling tone than in the rising tone. Interestingly, the left insula, putamen, and brainstem did not show differences between the rising and the falling tone in PWS, but did in fluent speakers (Howell et al., 2012) . Table 1 summarizes the results.
3.2. Differences between the rising or the falling tone and the high-flat tone in PWS Howell et al. (2012) made the assumption that subtracting the high-flat tone's brain activity from that of the rising or the falling tone should not affect the neural control pattern responsible for the rising tone and the falling tone respectively. This is because the high-flat tone does not involve pitch shift in either direction. This assumption was confirmed in the fluent speakers who showed stronger activity in the bilateral insula during the rising tone than during the high-flat tone, and no brain regions showed higher activity during the high-flat tone than during the rising tone (Howell et al., 2012) . For the PWS, however, the same comparison indicated that the right medial frontal cortex (BA10) showed higher activity during the rising tone than during the high-flat tone (see Table 1 and the Supplemental materials, SM, Fig. S1A ), whereas the insula did not. In addition, no brain regions showed higher activity during the high-flat tone than during the rising tone.
Comparison between the falling tone and the high-flat tone in PWS showed that the bilateral primary sensorimotor cortex (BA4/3), left middle frontal cortex (BA9), left inferior parietal cortex (BA40), and right declive of the cerebellum showed higher activity during the high-flat tone than during the falling tone (see Table 1 and the SM, Fig. S1B ). No brain regions showed higher activity during the falling tone than during the high-flat tone. These results were different from those found in fluent speakers who showed stronger activation in the left brainstem and middle temporal cortex during the high-flat tone than the falling tone (Howell et al., 2012) .
3.3. Differences between the rising tone and the falling-rising tone and between the falling tone and the falling-rising tone in PWS Howell et al. (2012) reported that, for fluent speakers, neural control for the falling-rising tone was more similar to the rising tone than it was to the falling tone. Thus, subtracting the fallingrising tone from the rising tone should partially cancel activity for the rising tone whereas subtracting the falling-rising tone activity from the falling tone activity should not cancel activity for the falling tone. The comparison between the falling-rising tone and the rising tone confirmed the first prediction, as there were no differences between falling-rising and rising tones in both PWS and fluent speakers.
Stronger activations during the falling-rising tone than during the falling tone occurred for fluent speakers in the right middle frontal gyrus (BA46), right superior temporal gyrus (BA22, BA39), and left insula (BA13). Weaker activations during the falling-rising tone than during the falling tone for fluent speakers occurred for the right medial frontal gyrus (BA10) and left middle temporal gyrus (BA21). The same was reported by Howell et al. (2012) . However, in PWS, higher activity during the falling-rising tone than during the falling tone was seen in the left primary motor area (BA4) and the right medial frontal cortex (BA8) (see Table 1 and the SM, Fig. S2 ). No brain regions showed higher activity during the falling tone than during the falling-rising tone for PWS.
Differences between PWS and fluent speakers for rising and falling tones
Group comparison for the rising tone revealed that PWS showed lower activity in the bilateral premotor area (BA6) and left inferior parietal cortex (BA39) than did the fluent speakers ( Fig. 2A) . No brain regions showed higher activity in PWS than in fluent speakers.
Group comparison for the falling tone revealed that fluent speakers showed higher activity in the right thalamus (ventral lateral nucleus) and left cerebellum (VIII) than did PWS (see Fig. 2B ). No brain regions showed higher activity in PWS than in fluent speakers (see Table 2 ).
SEM results
The SEM procedure was used to investigate the connection differences between PWS and fluent speakers in the brain regions that were involved in the neural control of tone.
3.5.1. Achievement of the best match between the model and the data 3.5.1.1. The rising tone. For the rising tone, a connection was added between the insula and the brainstem, which was not necessary in the data of fluent speakers (Howell et al., 2012) . The SEM results showed that the a priori defined model was a good fit to the data of both fluent speakers (v 2 = 1.89, df = 5, p = 0.86) and PWS (v 2 = 1.94, df = 5, p = 0.86). The overall statistical fit index based on the v 2 value indicated that the covariance matrix was reproduced well by the model that matched best with the observed variance-covariance structure from the data (Jöreskog & Sorbom, 1996) . This result was confirmed by other overall fit statistical indices (fluent speakers, RMSEA = 0.0, PGFI = 0.49, CFI = 1.00; PWS, RMSEA = 0.0, PGFI = 0.49, CFI = 1.00). Table 3 summarizes the standardized path coefficients for the best fitting model for each group (headed ''fluent'' and ''stuttering'') and the overall fit indices (headed with ''comparison''). The reported t value of these path coefficients showed that the connection between the LMC and the brainstem was significant for both groups. However, while the outward connection from the insula to the LMC was significant in fluent speakers only, the connection from the LMC to the putamen and the connection from the insula to the brainstem were significant in the PWS only. The return connection from the LMC to the insula was not significant for either group.
3.5.1.2. The falling tone. For the falling tone, a connection from the insula to the brainstem was also required for PWS. This additional connection, like its equivalent for the rising tone, was not necessary for the data of fluent speakers (Howell et al., 2012) . The SEM results showed that the a priori defined model was a good fit to the data of both fluent speakers ( Table 4 . The reported t value of these path coefficients showed that while the outward connection from the insula to the LMC was only significant in fluent speakers, the connection from the LMC to the insula and putamen and the connection from the insula to the brainstem were only significant in PWS. The connection from the LMC to the brainstem was not significant for either group. Individual path test. Specific paths that differed between fluent speakers and PWS were located by examining the individual path coefficients (Fig. 3A) . This procedure revealed that the connection from the insula to the LMC and the connection from the LMC to the putamen differed significantly between fluent speakers and PWS. Other connections did not differ significantly between the two groups. Individual path test. Examination of specific paths revealed that the bi-directional connection between the insula and LMC and the Note: The bold number indicated statistically significant path coefficients and significant differences between the two groups (FDR corrected). Note: The bold number indicated statistically significant path coefficients and significant differences between the two groups (FDR corrected).
connection from the insula to the brainstem differed significantly between fluent speakers and PWS for the falling tone. The connection from the LMC to the brainstem did not differ significantly between the two groups (Fig. 3B) .
Discussion
The current study obtained neural data during production of rising and falling tones in PWS according to the procedure in Howell et al. (2012) . The data on PWS were then compared against Howell et al.'s data on fluent speakers. The results showed that the LMC-based neural circuits involved in laryngeal control differed between fluent speakers and PWS. The similarities and differences of the brain circuitry between PWS and fluent speakers help identify which parts act anomalously in PWS. The results are discussed further below.
Regional activity difference between rising and falling tones
In fluent speakers, the left insula and putamen showed stronger activity, whereas the brainstem showed weaker activity, during the rising tone than during the falling tone (Howell et al., 2012) . Previous evidence has indicated that laryngeal control involves a widely distributed neural network (Simonyan & Horwitz, 2011) . In this network, the LMC may play a key role (Brown et al., 2008) . The LMC is bi-directionally connected with other brain regions, including the insula, the surrounding somatosensory cortex, IFC, cingulate cortex, and the inferior parietal cortex. Additionally, the LMC is uni-directionally connected with several other brain regions including the putamen, caudate nucleus, and brainstem. Within this network, it appears that the insula, putamen, and the brainstem are closely associated with rising-and falling-tone control (Howell et al., 2012) .
In PWS, however, the insula, putamen, and brainstem did not show different activity between rising and falling tones. Meanwhile, PWS showed stronger activity in the bilateral LMC and the left inferior parietal cortex during the rising tone than during the falling tone, but no brain regions showed stronger activity during the falling tone than during the rising tone. As shown in Howell et al. (2012) , the LMC, insula, putamen, and brainstem constitute a circuit that is closely associated with rising-and falling-tone control. The anomalies in these brain regions during rising and falling tones suggested that the function of this neural circuit differed between fluent controls and PWS. Moreover, the results of comparison between rising and falling tones are consistent with previous evidence in that PWS generally show widely distributed overactivations in the bilateral motor cortex, including the primary motor area, supplementary motor area, and premotor area, and inferior parietal cortex (Brown et al., 2005; Lu et al., 2010a Lu et al., , 2009 Lu et al., , 2010b . These findings suggest that these previously reported overactivations may be partly associated with the laryngeal control problem in PWS.
The above conclusion was supported by comparison between the rising or falling tone and the other tones (high-flat and falling-rising tones). First, the high-flat tone involves neither rising-, nor falling-tone control, and thus subtracting the high-flat tone's brain activity from that of the rising or the falling tone should not affect the neural control pattern responsible for the rising tone and the falling tone respectively. This assumption was confirmed in fluent controls. Specifically, in fluent speakers, as expected, the insula showed stronger activity during the rising tone than during the high-flat tone, whereas the brainstem showed stronger activity during the falling tone than during the high-flat tone (Howell et al., 2012) . These findings further support the view that activity in these brain regions is associated with rising and falling tones. In PWS, however, only the right medial frontal gyrus survived the comparison between the rising tone and the high-flat tone, and no brain regions survived the comparison between the falling tone and the high-flat tone. In contrast, many other brain regions within the LMC-related neural circuits (the bilateral sensorimotor area, left middle frontal cortex and inferior parietal cortex, and right declive of the cerebellum) showed weaker activity during the falling tone than during the high-flat tone. The absent or reduced brain activity when the rising or falling tone were compared with the high-flat tone, further suggested that the LMC-related neural circuits that control the rising and falling tone differed between fluent controls and PWS.
Second, the comparison between the rising or falling tone and the falling-rising tone in fluent controls confirmed previous behavioral evidence that the falling-rising tone is more similar to the rising tone than to the falling tone (Hua & Dodd, 2000) , and supported the associations of brainstem/cerebellum and insula with rising and falling tones (Howell et al., 2012) . In PWS, the falling-rising tone showed no activity difference with the rising tone, which is almost the same as what was found in fluent speakers. Moreover, the falling-rising tone showed stronger activity in the left LMC and right medial frontal gyrus than the falling tone. This result with PWS almost replicated the findings about the difference between the rising tone and the falling tone (see above) and confirmed the neural difference between rising-tone control and falling-tone control. Fig. 3 . Connectivity differences between fluent speakers and PWS in (A) rising and (B) falling tones. Solid and dashed lines indicate significant and non-significant differences between rising and falling tones, respectively. The numbers indicate standard path coefficients for fluent speakers (outside the bracket) and PWS (inside the bracket). p < 0.05, corrected.
Regional activity difference between PWS and fluent speakers during rising and falling tones
It was expected that neural anomalies associated with the speech-motor control problem of PWS would be revealed by comparisons between PWS and fluent speakers. It was further expected that these neural anomalies should also occur within the LMCrelated neural network, especially those reported in Section 4.1. The results confirmed these expectations to some extent. First, during the rising tone, PWS showed higher activity than fluent speakers in the bilateral premotor cortex and the left inferior parietal cortex. As stated above, the bilateral LMC or the surrounding motor areas and the left inferior parietal cortex also showed anomalies when the rising tone and the falling tone were compared in PWS. It should be noted that the insula and putamen that were found to be associated with the rising tone did not show regional activity differences between PWS and fluent speakers. If the conclusion that these brain regions reflect the speech-motor control problem for the rising tone is reasonable, it would be surprising if they did not show up during group comparisons. However, it is possible that it is the connectivity between these brain regions, rather than their regional activity, that is more involved in the rising tone. If so, the connectivity among them would show group differences. In line with this, connectivity differences between PWS and fluent speakers were found in the SEM results, as discussed below.
Second, during the falling tone, PWS showed weaker activity in the right thalamus and the left cerebellum (VIII), and no stronger activity, than fluent speakers. These weaker neural activities may reflect the neural anomalies associated with the falling tone in PWS. Anatomicaly, the cerebellum and the brainstem are closely interconnected (Purves et al., 2011, p. 482) , and through the relaying via the thalamus, they are connected with the cerebral cortex, especially the primary and premotor cortexes. Thus, the neural difference in the thalamus and cerebellum may indirectly support involvement of the brainstem during falling tones. This evidence is consistent with previous reports about abnormal activity in both the brainstem and cerebellum of PWS (Brown et al., 2005; Lu et al., 2010a; Watkins et al., 2008) . Thus, the weaker activity in the thalamus and cerebellum in PWS than in fluent speakers indicated that the LMC-brainstem connection that is involved in falling-tone control in fluent speakers may be affected in PWS.
As discussed in Section 4.1, it seems that the basic neural network for laryngeal control may be inefficient in PWS. Moreover, this inefficiency seemed to be more severe in the falling tone than in the rising tone because more brain regions showed weaker activities during the falling tone than during the rising tone (see Section 4.1). Thus, it is likely that the falling tone may be affected more than the rising tone, or there is more brain plasticity that compensates for problems in rising-tone control than in falling tone control. The connections among these brain regions are discussed below.
4.3. Neural connection comparison between PWS and fluent speakers in the rising and the falling tones 4.3.1. The rising tone
As identified in Howell et al. (2012) , in fluent speakers, there was a significant connection between the insula and the LMC which was negative in the rising tone but positive in the falling tone. This connection may control whether the rising-tone mechanism is active or not. This mechanism, however, was absent in PWS. That is, PWS did not show a significant connection between the left insula and the left LMC during the rising tone. In previous studies involving PWS, it has been found that the functional connections between both the frontal motor cortex and the IFC or nearby regions were altered in PWS compared to fluent speakers (Chang et al., 2011; Lu et al., 2010a Lu et al., , 2010b . More importantly, diffusion tensor imaging analysis revealed reduced integrity of white matter underlying these connections (Watkins et al., 2008) . Similar findings of structural anomalies have been reported in both adults (Sommer et al., 2002) and children (Chang et al., 2008; Watkins et al., 2008) . These findings were taken to suggest abnormal myelogenesis in PWS that reflects a prolongation of the course of myelination in the first postnatal year (Cykowski et al., 2010) . The white matter tracts in this area connect the IFC/insula and the motor cortex, as well as the posterior temporal and inferior parietal cortex, which constitute a common neural network for articulatory control, including laryngeal control, in both humans and non-humans (Fiebach, Friederici, Smith, & Swinney, 2007; Peschke, Ziegler, Kappes, & Baumgaertner, 2009; Simmonds, Wise, Dhanjal, & Leech, 2011; Simonyan, Ostuni, Ludlow, & Horwitz, 2009 ). The present results confirmed these findings, and further demonstrated that the anomalous functional and structural connections between the left IFC/insula and the frontal motor cortex may underlie the problem of rising-tone control in PWS.
During normal tone control, it has been hypothesized that the transfer of information input from the insula to the LMC is controlled by the insula, not the LMC. Thus, during a rising tone, the insula would become passive so as to increase the projection from the LMC to the brainstem in fluent speakers (Howell et al., 2012) . If this hypothesis is reasonable, a further consequence of the altered connection between the IFC/insula and the LMC in PWS is that the motor cortex would increase its connection with other neural structures. This hypothesis was confirmed by the present results. The results showed that the connection between the LMC and the putamen was significant in PWS, but was not in fluent speakers. Thus, both the additional connection between the LMC and the putamen and the lack of connections from the insula to the LMC suggest a problem in PWS during rising-tone control possibly because of the anomalous white matter tracts that connect the IFC/ anterior insula and the motor cortex. If this conclusion is confirmed, it would suggest that these functional and structural anomalies might affect all articulatory processes rather than just the laryngeal systems.
The falling tone
As was observed with the rising tone, the connection between the insula and the LMC was absent in PWS. Such a connection has been found to be necessary to inhibit the LMC's connection with the brainstem so as to stop the laryngeal muscle activity and produce a falling tone (Howell et al., 2012) . The absence of this connection suggests that the neural control mechanism to stop the laryngeal muscle activity might differ between fluent controls and PWS during the falling tone.
If the neural path from the insula, through LMC, to brainstem was affected, an alternative neural connection should appear elsewhere. As expected, PWS showed additional significant connections between the LMC and the insula and putamen, which were absent in fluent speakers. One possible explanation for these findings is that, because the connection between the left insula and the LMC was altered, the LMC lacks information for deciding how to control laryngeal muscle activity. The information that is lacking would have to be provided by other related mechanisms (i.e., brain plasticity would come into force). In PWS, the additional connection between the LMC and the insula in the falling tone compared with the fluent speakers might serve this role. Moreover, while both rising and falling tones required a connection between the insula and the brainstem when the model was fitted to the imaging data, this connection was not significant for the rising tone, but was for the falling tone, in PWS. This connection did not exist in the data for fluent speakers either (Howell et al., 2012) . Since there is no direct behavioral evidence to support the explanation involving the additional connection in PWS, other possibilities might apply, such as the connections are a reflection of a speechmotor control problem. However, all possible explanations have to be consistent with the finding that although the neural control of both the rising tone and the falling tone showed anomalies, the falling tone appeared to involves more differences between fluent controls and PWS than the rising tone. Howell et al. (2012) suggested that in fluent speakers during the rising tone, the LMC and the brainstem increased the contraction of the cricothyroid muscle. In the falling tone, the same connection was switched off so that the cricothyroid was relaxed. That was, the switch-on of the connection between the LMC and the brainstem was passively controlled by a negative connection between the left insula and the LMC, whereas the switch-off was actively controlled by a positive connection between the insula and the LMC. It should be noted that the actual mechanism is more complex than that described here. A simplified diagram of these aspects of control is given in Fig. 4A and B for the rising tone and the falling tone respectively.
Laryngeal control of tone in general and in pathological conditions
In PWS, the control connection between the left insula and the LMC differed from that in fluent controls, which would have an impact on both the rising tone and the falling tone. The regions that showed difference were consistent with previous evidence that has shown that the functional and structural connections between the left IFC/insula and the motor cortex are altered in PWS. This difference is a reflection of the underlying neural anomalies because an additional connection between the LMC and the putamen was found (see Fig. 4C ).
The impairment to the active cessation mechanism would result in loss of control by the connection between the LMC and the brainstem (see Fig. 4D ). The control that is lost from the connection between the LMC and the brainstem has different effects on rising and falling tones. That was, although both rising and falling tones required control of the connection between the insula and the LMC, the falling tone needed active cessation-control as established earlier (Howell et al., 2012) . The connection between the LMC and the brainstem can function normally in the rising tone (see Fig. 4E ). However, during the falling tone, because of the loss of the connection between the LMC and the brainstem, falling-tone control occurs abnormally. This is probably the reason that an additional connection between the insula and the brainstem appeared (see Fig. 4F ). This additional direct connection from the insula to the brainstem provides at least part of the active cessation control that was lost for the falling tone, and thus suggests that the falling-tone control should be more affected in PWS than is the rising tone.
Limitations
Several issues need to be noted. First, the present study cannot determine whether the neural control difference between fluent controls and PWS during rising-tone and falling-tone control was the cause or the effect of long-term stuttering. An additional longitudinal study about tone control in Mandarin PWS would be necessary to resolve this issue. Second, although there was a small gender imbalance between the PWS and fluent participants, the PWS sample used here reflected that there are more male than female PWS. Arguably, this makes the PWS sample representative of their corresponding general population that can be compared with the roughly equal gender makeup of the control sample. A third limitation of the current study is that the participants heard continuous scanner noise, which would have masked their productions which, in turn would cause a Lombard effect. Although the participants wore headphones that effectively reduced the background noise during the experiment, influences of speaking environment should be examined in future work. Finally, it would have been helpful if the verbal response had been collected whilst scanning. This would have allowed verification of whether irregularities in tone production occurred in PWS during the imaging experiment and would have allowed examination of whether tone production deficits were manifest behaviorally in stuttering (e.g. were falling tones more affected than rising tones). To this end, recordings will be made in future studies.
Conclusion
The present study examined speech-motor control of PWS that are associated with rising-tone and falling-tone control mechanisms. The results confirmed the hypothesis that these tone control mechanisms differed between fluent controls and PWS. Moreover, while the altered connection between the insula and the LMC was associated with both rising-tone and falling-tone control, the additional connection between the insula and the brainstem was only associated with falling-tone control in PWS. It is suggested that while both the rising and falling tones showed anomalies in PWS, the falling tone seemed to be more severely affected. These findings raise questions about whether the neural control difference is one that just affects tone control, or whether it is language universal.
